Type 2 Diabetes (T2D) is an emerging public health problem in Asia. An Asian mitochondrial DNA 50 variation m.1382A>C (rs111033358) leads to a K14Q amino acid replacement in MOTS-c, an 51 insulin sensitizing mitochondrial-derived peptide. Meta-analysis of three cohorts (n=27,527, J-52 MICC, MEC, and TMM) showed that males but not females with the C-allele exhibit a higher 53 prevalence of T2D. Furthermore, in J-MICC, only males with the C-allele in the lowest tertile of 54 physical activity increased their prevalence of T2D, demonstrating a kinesio-genomic interaction.
INTRODUCTION
6 effect of m.1382A>C is male-specific, as females with the C allele who were classified as 139 sedentary (physical activity T1 = 7.0 + 2.8 min/day) did not have an increased T2D risk (A allele 140 T2D prevalence = 5.1%; C allele T2D prevalence = 3.7%; p = 0.258; Figure 1D ). No significant 141 differences were found for other characteristics between the m.1382A>C genotype in men with the 142 lowest MVPA (Supplemental Table 4 ). These results strongly suggest that a combination of 143 sedentary lifestyle and the m.1382A>C polymorphism contributes to elevated T2D risk.
144
Unfortunately, the TMM study and MEC study only quantified physical activity using a 145 questionnaire, which is different from the accelerometer-based measurement used by J-MICC.
146
Physical activity questionnaires do not correlate well with accelerometer-based measurements in 147 young and old individuals [30] [31] [32] [33] . Hence, we are unable to assess physical activity behavior among 148 the three cohorts using a harmonized approach (i.e., accelerometer). As a consequence, it 149 appears that the kinesio-genomic relationship of m.1382A>C genotype and T2D can only be 150 teased out with accurate exercise assessment in the J-MICC cohort.
151
Effects of other polymorphisms on the incidence of T2D
152
We assessed the effect of m.1382A>C on T2D independent from separate polymorphism- Table 9 ). We did not look at the effect of m. 8020G>A (D4b) because 1) m. 8020G>A status was 163 not collected in J-MICC and 2) The polymorphism m.8020G>A is not only a SNP of haplogroup 
175

3D structure of WT and K14Q-MOTS-c 176
The m.1382A>C polymorphism is located in the 12S rRNA within the mtDNA, which 177 encodes the ORF for the MOTS-c peptide. Therefore, the m.1382A>C polymorphism could alter 178 both the 12S rRNA structure and causes a K14Q replacement in the MOTS-c peptide. We 179 modeled the 12S rRNA structure by m.1382A and m.1382C and found very little difference 180 between the two models ( Figure 2A ). Next, we examined the difference between WT-MOTS-c 181 (K14) and K14Q-MOTS-c (Q14). The electro physical differences predict 14 th residue of WT-
182
MOTS-c is positively charged, whereas same position of K14Q-MOTS-c is neutral ( Figure 2B ). The 183 mPROVEAN (PROtein Variation Effect Analyzer; http://provean.jcvi.org) analyses revealed that the 184 polymorphism could be biologically relevant; that is, the m.1382A>C polymorphism on MOTS-c 185 that makes K14Q-MOTS-c had a score of -4.0, below the specifically predicted cutoff score (= -186 2.5), above which the variant would be "neutral" 34 . We compared the structure of WT and K14Q- Supplemental Figure 1C and 1D). The analysis indicated that the 3D structure of K14Q-MOTS-C is 190 substantially different compared to WT-MOTS-c.
191
As MOTS-c has beneficial effects on metabolism and acts as an exercise mimetic, we 192 speculated that sedentary men who carry the C allele, which produces the K14Q-MOTS-c peptide 193 will have a reduced insulin-sensitizing effect compared to WT-MOTS-c in cellular and animal 194 models.
195
Insulin sensitizing effects of WT-and K14Q-MOTS-c in vitro 196
Since MOTS-c has been shown to increase insulin sensitivity in L6 myotubes and mouse Figure 3A ). In addition, insulin plays an important role in adipocyte 209 differentiation. Hence, we used 3T3-L1 pre-adipocyte differentiation as another model to assess 210 insulin sensitivity. During 3T3-L1 pre-adipocyte differentiation, cells were incubated with insulin (1 211 µg/mL) containing medium. We treated cells with insulin (0, 0.5, and 1 µg/mL) in the presence or 212 absence of WT-MOTS-c. MOTS-c increased lipid droplets only in the presence of insulin, 213 suggesting MOTS-c has an insulin sensitizing effect on adipocyte differentiation (data not shown).
9
Next, we treated cells with WT and K14Q-MOTS-c in the presence of 1µg/mL insulin. WT-MOTS-c,
215
but not K14Q-MOTS-c increased lipid droplets during adipocyte differentiation ( Figure 3B ). Next, 216 differentiated L6 myotubes and 3T3-L1 cells were treated with WT and K14Q-MOTS-c. Glucose 217 levels were measured in the conditioned medium. WT-MOTS-c increased glucose uptake, whereas 218 K14Q-MOTS-c was less effective at enhancing insulin-stimulated glucose uptake than WT-MOTS-c 219 ( Figure 3C and D). We also transiently transfected HEK293 cells with WT-MOTS-c and K14Q-
220
MOTS-c and measured glucose uptake. WT-MOTS-c increased glucose uptake, whereas K14Q-
221
MOTS-c effects were the same as the control plasmid ( Figure 3E ). Taken together, our in vitro 222 studies show that K14Q-MOTS-c has a diminished action as an insulin sensitizer compared to WT-223 MOTS-c.
224
WT-MOTS-c and K14Q-MOTS-c have differential effects on male mice fed a high fat diet.
225
We administered WT and K14Q-MOTS-c (7.5-mg/kg; twice daily (BID); IP) to CD1 male Figure 4A ). Moreover,
233
HFD feeding induced a similar fat weight gain between K14Q-MOTS-c and water-treated control,
234
whereas WT-MOTS-c showed a reduced fat weight compared to control following the 3 weeks of 235 HFD consumption ( Figure 4B ). There was no effect on lean mass in the HFD-fed mice treated with 236 both WT and K14Q-MOTS-c ( Figure 4C ). Although body weight was lower in WT-MOTS-c treated 237 group, food intake was identical between the three groups ( Figure 4D ). Since MOTS-c increased 238 cellular glucose uptake and increased insulin sensitivity in vitro, we hypothesized its actions in vivo 239 would be related to glucose clearance indicative of improved insulin sensitivity. We administrated 240 mice with WT-MOTS-c and K14Q-MOTS-c for 21 days and then subjected them to a glucose 241 tolerance test (GTT). We observed that WT-MOTS-c significantly enhanced glucose clearance,
242
whereas the glucose tolerance curves was not different between K14Q-MOTS-c and water-treated 243 group ( Figure 4E and 4F ). Taken together, K14Q-MOTS-c is less effective as a metabolic regulator 244 in male mice in vivo compared to WT-MOTS-c.
245
WT-MOTS-c and K14Q-MOTS-c have similar effects on female mice fed a high fat diet.
246
We showed that the m.1382A>C polymorphism is associated with T2D in men but not in 247 women. To identify whether this phenomenon can be recapitulated in mice, we administrated WT 248 and K14Q-MOTS-c (7.5-mg/kg; BID; IP) in CD1 female mice fed a HFD (60% by calories). Unlike 249 male mice, female mice did not respond to WT-MOTS-c treatment ( Figure 5A ). Similar to male 250 mice, female mice injected with K14Q-MOTS-c also gained weight ( Figure 5A ). Fat mass, lean 251 mass, and food intake were also not altered in WT and K14Q-MOTS-c injected female mice 252 ( Figure 5B-D) . We administrated mice with WT-MOTS-c and K14Q-MOTS-c for 21 days and then 253 subjected them to a glucose tolerance test (GTT). We observed that glucose curves for both WT-
254
MOTS-c and K14Q-MOTS-c were not different from control ( Figure 5E-F) .
255
WT-MOTS-c and K14Q-MOTS-c have no effect on voluntary physical activity.
256
We showed that K14Q-MOTS-c has a reduced effect on insulin sensitivity and weight gain 257 compared to WT-MOTS-c in mice and speculate that the m.1382A>C polymorphism increases the 258 prevalence of T2D in sedentary men because the C allele carriers produce a less effective K14Q-259 MOTS-c. However, an alternative explanation for the increased T2D frequency is that the 260 m.1382A>C polymorphism can impact voluntary physical activity, which in turn affects T2D 261 prevalence (although the frequency of the C allele was not statistically different between the tertile 262 of physical activity in the J-MICC study as shown in Supplemental Table 4 ). We analyzed a 
279
These observations represent a male-specific phenomenon. We noted that the levels of MVPA are 280 related to the prevalence of T2D in C allele carrying men, representing a novel kinesio-genomic 281 interaction. As the m.1382A>C polymorphism causes an amino acid replacement K14Q of MOTS-c 282 peptide, we identified a reduced effect of K14Q MOTS-c in terms of its ability to induce metabolic 283 improvements in high-fat diet-fed mice rather than modulating voluntary exercise.
284
In addition, our results suggest that higher MVPA rescues the potentially deleterious effects 
289
It is attractive to hypothesize that MOTS-c is an exercise mimetic peptide that helps prevent 290 T2D in sedentary men while in men who are frequent exercisers there is no further metabolic 291 12 benefit of MOTS-c, or further protection from T2D by MOTS-c. On the other hand, the less active 292 K14Q form may increase T2D risk, particularly in the susceptible sedentary group. We propose the 293 concept that some variants of mtDNA evolved to best fit living conditions characterized by highly 294 active lifestyles and limited caloric intake, where a thrifty gene such as K14Q-MOTS-c might 295 present an advantage, but in the twenty-first century, it is a metabolic liability.
296
Our data shows that the effect of K14Q on T2D is male-specific. Hormonal differences 
306
We believe these results are generalizable to the entire Japanese population and likely to 307 all of East Asians. The prevalence of T2D in the present study was similar to the general Japanese 308 population in their 50's (men = 11.7%; women = 5.5%) 37 , and the subject's characteristics are 309 representative of the mean BMI of the Japanese population in their late 50's (men = 23.6 ± 1.3 310 kg/m 2 ; women = 21.7 ± 1.1 kg/m 2 ) 38 .
311
The East Asian populations that may carry the MOTS-c K14Q SNP include around half a 312 billion people in which the frequency of the m.1382A>C polymorphism varies from 5 to 8%.
313
Sedentary behavior is alarmingly common in modern Asian cities 39 . The reported rate of diabetes 314 in these countries is well over 10%, and rising rapidly 40 , suggesting that several million men with 
321
In summary, we found that C allele of the m.1382A>C polymorphism increases the risk of 
